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Abstract  12 
The distribution of marine influenced oxygen isotope stage (OIS) 5 to OIS 1 sediments were 13 
examined in several late Quaternary boreholes from the southern Changjiang (Yangtze) delta 14 
plain, China, using different dating methods including OSL, U-series, AMS 14C and 15 
paleomagnetism. Results demonstrate that coastal and estuarine deposition during OIS 5 and 16 
OIS 3 occurred throughout the study area. However, Holocene transgressive sediments were 17 
absent on the Taihu block. The burial depth of intertidal to subtidal sediment deposited during 18 
OIS 5e records 30–80 m subsidence caused by sediment compaction and tectonic movement 19 
since that time. However, coastal sediments formed during the late phase of OIS 3 were 20 
buried to a depth of c. 6–15 m in the Taihu Lake area, while the burial depth increased 21 
remarkably eastward to c. 45–60 m on the coastal plain. This phenomenon, combined with the 22 
 2 
distribution of Holocene marine strata, indicates at least 25–30 m uplift of the Taihu block 1 
since the end of OIS 3. We suggest that this uplift was mainly caused by the differential 2 
subsidence due to substantial amount of post-glacial deposition by the Changjiang and 3 
Huanghe Rivers on the continental shelf of east China marginal sea.  4 
Keywords: OIS 3 sea level; differential subsidence; uplift of Taihu block; Changjiang coast 5 
 6 
1. Introduction 7 
The OIS 3 sea level has become the focus of recent research and different points of view 8 
exist from evidence supplied by oxygen isotopes of foraminifera in deep sea sediments, coral 9 
reefs, and coastal and shelf sediments (Chappell and Shackleton, 1986; Shackleton, 1987; 10 
Chappell et al., 1996; Chappell, 2002; Siddall et al., 2003; Hanebuth et al., 2006; Parham et 11 
al., 2007; Mallinson et al., 2008; Wright et al., 2009). For example, results from the east coast 12 
of North American revealed that the OIS 3 highstand could be at -25 m below present mean 13 
sea level (PMSL) after correction for glacio-isostatic adjustment (Mallinson et al., 2008; 14 
Wright et al., 2009). This contrasts significantly with heights of -35–-45 m estimated from the 15 
planktonic and benthonic oxygen isotope compositions in deep sea records (Shackleton, 1987; 16 
Siddall et al., 2003). 17 
A subsiding coastal area like the Changjiang (Yangtze) delta is believed to have the 18 
potential to record sea level due not only to sensitivity of the coastal depositional environment 19 
to sea level change, but also to rapid sedimentation rates and a potential high resolution 20 
sedimentation record. Previous work in the delta and adjacent continental shelf reported OIS 3 21 
sediments that indicate a relative sea level of up to c. -5 m below PMSL during late OIS 3 22 
 3 
(Zhao et al., 2008). However, only two 14C ages from organic-rich mud have been collected 1 
from previous boreholes ZK04 and 827 (Fig. 1a) around the Taihu Lake on the southern 2 
Changjiang delta plain where OIS 3 sediments are suggested to be present just below ground 3 
surface. Furthermore, Liu et al. (2009) indicated that the OIS 3 relative sea level ranged from 4 
-35±5 to -60±5 m or lower off the Yellow River delta in the Bohai Sea, China. Therefore, the 5 
previously reported highstand of OIS 3 needed to be re-examined with a more detailed 6 
chronological study and mechanism of the raised OIS 3 marine sediments for the Changjiang 7 
delta plain. 8 
In this research, we recovered two late Quaternary boreholes, WJ and QP88 from the 9 
Taihu block (Fig. 1). We applied different dating methods including OSL (optically stimulated 10 
luminescence), U-series and AMS14C dating (Tables 1–4), together with paleomagnetism to 11 
the sediments and mollusc shells from these two boreholes. Combining with our previous 12 
OSL and U-series dated boreholes SG7, FX and MFC (Fig. 1), this research examines the late 13 
Quaternary stratigraphy and sedimentary environment as well as constrains the chronology of 14 
late Pleistocene marine-influenced strata and relative sea level in the study area, to discuss 15 
possible reasons for sea level highstand during OIS 3 by comparing sedimentary records from 16 
the Changjiang delta with global data, especially that from the surrounding regions. 17 
 18 
2. Geologic setting 19 
The Changjiang delta, located on the eastern coast of China, is one of the most 20 
vulnerable coastal lowlands to the sea level rise in the world (Syvitski et al., 2009). The 21 
Changjiang River discharge sediment c. 460 Mt/yr into the river mouth during the late half 22 
 4 
century of 20th and now sediment load has declined to less than 200 Mt/yr due to construction 1 
of reservoir in the upstream (Yang et al., 2011). The present morphology of the delta plain is 2 
dish-like, i.e., big lakes and depressions (0–2 m in elevation) in the centre surrounded by a 3 
higher coastal plain (3–5 m in elevation; Fig. 1a). There are several ridges of chenier formed 4 
during the mid-Holocene at the east boundary between the Taihu lacustrine and coastal plain. 5 
However, numerous boreholes proved a morphological high of the lacustrine plain, the Taihu 6 
block, during the last glacial maximum (LGM; Fig. 1b). It was 20–30 m higher than the 7 
coastal plain and 50–60 m higher than the palaeo-incised Changjiang and Qiantang valleys 8 
during the LGM. The major post-glacial Changjiang sediments deposited in the paleo-incised 9 
valley and coastal plain on both northern and southern flank (Li et al., 2000). Previous study 10 
demonstrated different sediment provenances during the Holocene, i.e., more local source 11 
from the western highland for the lacustrine plain and more Changjiang source for the coastal 12 
plain (Wang et al., 2006). Previous studies also suggested that the present dish-like 13 
morphology was formed as a result of post-glacial sea level rise and the development of 14 
chenier ridges around the margin of the Taihu block as the Changjiang delta built up and 15 
prograded eastwards (Stanley and Chen, 1996; Chen and Stanley, 1998; Wang et al., 2006). 16 
Tectonic subsidence has occurred in this area since the Late Pliocene due to subduction 17 
of the Philippine oceanic plate, which caused the sinking of the Fukien–Reinan massif that 18 
extends across the East China Sea continental shelf to the Korean peninsula (Wageman et al., 19 
1970; Chen and Stanley, 1995). Several series of NW–SE and NE–SW faults, and small 20 
NE-SW anticlines and synclines occur in the study area (Fig. 1c). The paleotopography of the 21 
Late Cenozoic basement was characterized by highlands in the western and south-western 22 
 5 
areas and NE-oriented valleys in the northeast. Fluvial and lacustrine sedimentation 1 
dominated during the early Pleistocene, while coastal and shallow marine deposits have 2 
appeared mainly since the mid-Pleistocene (Lin et al., 1989; Chen et al., 1997). The 3 
Changjiang River originally occupied a more northerly position and has moved to its current 4 
location only during the Holocene (Chen and Stanley, 1995; Xiao et al., 2004). 5 
 6 
3. Methods 7 
 We obtained a 105 m deep borehole, QP88 in 2007 and a 51.2 m deep borehole, WJ in 8 
2008 from the Taihu block of southern Changjiang delta plain (Fig. 1). Both boreholes were 9 
drilled using a rotary rig with a corer diameter of 9.2 cm. Fine-grained sediments dominate 10 
the mid-Pleistocene to Holocene strata in both boreholes.  11 
OSL dating samples were immediately taken when the boreholes were drilled. Three 12 
samples of clayey silt and fine sand were taken from WJ and five samples of silt and fine sand 13 
from QP88. The samples from WJ were measured using a Risø-TL/OSL-DA-20 reader with 14 
an attached EMI 9235QB15 photomultiplier tube and a 90Sr/90Y beta source in School of 15 
Earth and Environmental Sciences, University of Wollongong, Australia (Table 1). Samples 16 
from QP88 were measured using a Risø-TL/OSL-15 reader with a 90Sr/90Y beta source at the 17 
Laboratory for Earth Surface Processes, Peking University (Table 2). After trimming off the 18 
outer rim of each sample, about 300 g were taken for preparation for the aliquots of quartz 19 
fractions (4–11 μm): Hydrogen Peroxide (H2O2) and HCl were used to remove the organic 20 
matter and carbonate before the component of 4–11μm was settled; Fluosilicic acid (40%) 21 
was used to remove the feldspar from the settled fraction. Single-aliquot regeneration (SAR) 22 
 6 
procedure was used to determine the equivalent dose of each aliquot. Twenty (20) to 30 1 
aliquots were tested for each sample and only aliquots with low recuperation (<5% of the 2 
natural signal) and low IR depletion ratio (<10%) were selected. Central Age Model (CAM) 3 
was used to obtain the final equivalent doses for each sample. The Minimum Age Model 4 
(MAM) was also used for sample UOW-313 from WJ (Table 1) since the distribution of 5 
equivalent doses of all selected aliquots has a greater spread on the radial plot (Fig. 2). 6 
Besides, about 20 g sediments were taken for measuring the moisture content and 7 
concentrations of U, Th, and K. U and Th was derived from thick-source alpha counting and 8 
K was derived from XRF. Gamma dose rates were calculated from concentrations of U, Th, 9 
and K. Cosmic dose rates were estimated using the geomagnetic longitude/latitude, altitude 10 
and burial depth of the sample (Prescott and Hutton, 1994).  11 
To validate the OSL ages of two boreholes, AMS14C and paleomagnetic dating was 12 
further applied for WJ and U-series dating for QP88. Two shell samples were selected from 13 
WJ for AMS14C dating at Beta Analytic (Table 3). We calibrated the conventional radiocarbon 14 
ages into calendar ages using the calibration curve CalPal_2007_HULU by Weninger and 15 
Jöris (2008) and ∆R value 135±42 (Yoneda et al., 2007) is used to remove the marine 16 
reservoir effect. U-series analysis was carried out on three shell samples of Potamocorbula 17 
amurensis (estuarine water species) and Corbicula leana (freshwater to brackish water species) 18 
from QP88 (Table 4). Sample preparation and measurements were done at the Institute of 19 
Geology and Geophysics, Chinese Academy of Sciences. An Octête® PLUS 8-unit Alpha 20 
Spectrometer and the ISOPLOT/EX program was employed to determine the age using the 21 
method described in Ma et al. (2004).  22 
 7 
Ninety-nine samples from WJ were taken for measurement of magnetic susceptibility 1 
with a dual-frequency (0.47 and 4.7 kHz) sensor from Bartington Instruments (noise level 2 
~10–9 m3 kg–1). Paleomagnetism was further measured on 376 samples from WJ in a magnetic 3 
field free space (<150nT) at the Institute of Earth Environment, Chinese Academy of Sciences. 4 
Progressive thermal demagnetization was carried out firstly by heating samples to 620°C at an 5 
interval of 10-50°C with an ASC Scientific TD-48 instrument, followed by the remanence 6 
measurement with a 2G755 superconducting magnetometer. The orthogonal projections of 7 
progressive thermal demagnetization revealed that secondary viscous remanent magnetization 8 
(VRM) of most samples were removed at a low temperature generally below 200-300oC (Fig. 9 
3). The direction of remanent magnetization (RM) above 300 oC then became relatively stable 10 
and trended to the origin of the orthogonal plot, representing the direction of primary 11 
characteristic RM. Meanwhile, NRM was the maximum at the room temperature, and the 12 
intensity reduced to <10% of NRM while temperature increased to 650 oC (Fig. 3). Therefore, 13 
at least four successive demagnetization components above 300 oC were used to calculate the 14 
direction of primary characteristic RM of each sample by principal component analysis. 15 
Besides, sediment grain size analysis was carried out on 99 samples from WJ and 174 16 
from QP88 by a Beckman Coulter Laser Diffraction Particle Size Analyzer (LS13320). 17 
Twenty-two samples from WJ and 82 from QP88 were taken for foraminiferal analysis. 18 
Eighty samples from QP88 above core depths of 55 m were taken for pollen-spore analysis. 19 
Freshwater and marine algae were also identified when analysing the pollen-spore samples 20 
from QP88 sediments. Fossil gastropods and bivalves from QP88 were identified in the 21 
Nanjing Institute of Geology and Palaeontology, Chinese Academy of Sciences (Tables 5–6). 22 
 8 
We also compiled our previously published borehole data, SG7 (Wang et al., 2008), FX 1 
and MFC (Zhao et al., 2008), including lithology and stratigraphy, OSL and U-series dates, 2 
fossil foraminifera and pollen-spore, and re-interpreted the sedimentary environment and 3 
chronostratigraphy. We compared the strata of these boreholes, which were obtained from the 4 
coastal plain of the southern Changjiang delta plain, with those of WJ and QP88 from the 5 
Taihu block. 6 
 7 
4. Results 8 
4.1. Stratigraphy and distributions of foraminifera and pollen-spore 9 
4.1.1. Holocene 10 
The Holocene sediment (S1) in WJ (core depth 0–2.5 m) and QP88 (core depth 0–3.3 m) 11 
is characterized by clayey silt and silty clay that is brownish yellow in the upper part and dark 12 
grey in the lower part (Figs 4–5). Root traces and Fe/Mn oxides are present in the upper half. 13 
A thin layer of peat occurs at the bottom in QP88. No foraminiferal fossils were found (Fig. 6) 14 
but the pollen-spore spectrum is extremely rich, characterized by the dominance of 15 
Quercus–Pinus–Gramineae–Typha–Cyperaceae (Fig. 7). Magnetic susceptibility of the 16 
Holocene sediment in WJ is low, being around 10×10–9 m3 kg–1 (Fig. 4). The Holocene 17 
sediment in SG7 (core depth 0–24.3 m) is composed of grey and dark grey silty clay 18 
interbedded with thin layers of silt in the middle and lower sections, grey silt in the upper, and 19 
yellowish grey and grey clayey silt on the top (Fig. 8). Two OSL ages are 3.8±0.3 ka at 8.3 m 20 
and 15.0±1.4 ka at 24 m. Rich foraminiferal and pollen-spore assemblages are present, 21 
including common Castanea and Quercus pollen that is typical of warm and humid 22 
 9 
environments and Typha that represents a wetland flora (Fig. 8).  1 
 2 
4.1.2. Late Pleistocene 3 
 Five sedimentary units were recognized within the late Pleistocene depositional 4 
succession in the boreholes. 5 
S2-1: A layer of yellowish grey, brownish yellow or dark green stiff mud occurs on the 6 
top of late Pleistocene sedimentary succession at 2.5–5.7 m in WJ, 3.3–6.3 m in QP88 and 7 
24.3–27.1 m in SG7 (Figs 4–5, 8). This stiff mud is formed by pedogenesis during the LGM 8 
(Li et al., 2000; Chen et al., 2008), supported by the OSL age 18.2±1.6 ka at 25 m in SG7. No 9 
marine microfossils were found in this palaeosol. Pollen-spore abundance is very low and 10 
Concentricystes is dominant (Fig. 7). Magnetic susceptibility is still as low as around 10×10–9 11 
m3 kg–1 in WJ (Fig. 4). 12 
S2-2: Greyish yellow silt and silty sand with abundant Fe/Mn oxides underlies the 13 
paleosol at 6.3–8.0 m in QP88 and 27.1–43.4 m in SG7 (Figs 5, 8). It is not present in WJ (Fig. 14 
4), then increases its thickness eastward from 1.7 m in QP88 to 16.3 m in SG7 (Fig. 9). 15 
Foraminifera and pollen-spores were only sporadically found. Pinus, Betula, Quercus, 16 
Artemisia, Gramineae are the main pollen (Figs 7–8). There is one OSL age 67±9 ka at 7.8 m 17 
in QP88 and one OSL age 59.3±3.5 ka at 40.5 m in SG7, both showing overage compared 18 
with the ages of underlying sediments (Table 2; Figs 5, 8). 19 
S3: A 9 m thick fining-upward unit occurs at 5.7–14.5 m in WJ (Fig. 4), i.e., grey sand 20 
and silty clay interbedded thinly or thickly in the lower section, brownish and yellowish grey 21 
clayey silt with some silty clay in the middle section, and brownish clayey silt and silty clay 22 
 10 
on the top. Burrows present at 7.8–10.8 m. Magnetic susceptibility increases obviously, 1 
especially below 11 m where it is around 35×10–9 m3 kg–1 (Fig. 4). At 11.4 m, an OSL age is 2 
interpreted as 68±6 ka by CAM while it is 48±6 ka by MAM (Table 1). Radiocarbon dating 3 
show ages 42970±720 cal yr BP at 11.75 m and 44480±1270 cal yr BP at 14.2 m (Table 3). 4 
Paleomagnetism measurement indicates the Laschamp excursion (39–41 ka; Channell, 2006; 5 
Cassata et al., 2008) at core depth 11.2–11.9 m and possibly the Monolake excursion (c. 32 ka; 6 
Channell, 2006; Cassata et al., 2008) at around 8.3 m (Fig. 4). In QP88 and SG7 this unit is 7 
yellowish grey, grey and dark grey silty sand and silt at 8.0–22 m and 43.4–62.5 m (Figs 5, 8). 8 
Shell fragments occur in a few thin layers in SG7. OSL dating show two ages 27±3 ka at 9 
10.05 m and 43±5 ka at 11.4 m in QP88 (Table 2). One U-series age 45.3±3.7 ka is obtained 10 
at 52.7 m is SG7 (Table 4). 11 
Foraminiferal abundance fluctuates obviously in all three boreholes. We demonstrate its 12 
distribution in QP88 as an example here (Fig. 6). Foraminifera are present at core depth 13 
8.0–12 m, dominated by Elphidium magellanicum and Ammonia beccarii var. The abundance 14 
increases remarkably at 12–16.5 m, and species of open water also appear as Ammonia 15 
compressiuscula, Quinqueloculina, Bolivina cochei, Hanzawaia nipponinica in addition to the 16 
typical coastal Elphidiella kiangsuensis. Abundance then declines at 16.5–22 m, 17 
predominated by the typical intertidal flat specie Nonion akitaense Asano (Fig. 6). The 18 
pollen-spore abundance is still low, except for a peak at the top of unit in both QP88 and SG7. 19 
Quercus, Pinus and Carpinus are the dominant tree species (Fig. 7). The warm and humid 20 
favoured species, like Castanea and Castanopsis, are also present. Typha and Pteris are the 21 
major herbaceous and fern species. Marine algae, mainly Spiniferites spp. appear in the lower 22 
 11 
and top sections of this unit.  1 
S5-1: This marine-influenced unit of S5-1 is mainly composed of fine-grained sediments 2 
(Figs 4–5, 8). In WJ couplets of silt and silty clay dominate at core depth 14.5–27.4 m. 3 
Thickness of the silt laminae is generally less than 0.5 cm but reaches c. 2 cm at the top and 4 
bottom. Burrows occur at 17–20 m. OSL dating shows an age 73±6 ka at 22.7 m (Table 1). 5 
Paleomagnetism measurement reflect possible the Norwegian-Greenland Sea event (c. 64.5 ka; 6 
Arz et al., 2007) at core depth 16–17 m (Fig. 4). Magnetic susceptibility remains high at 7 
around 35×10–9 m3 kg–1 (Fig. 4). In QP88 dark grey, grey and greenish grey clayey silt occurs 8 
along with fine sand and two layers of mollusc shells at core depth 22–34.1 m and dark 9 
greenish grey stiff mud at 34.1–37 m. The shells are mainly intertidal gastropods, including 10 
Umbonium sp., Umbonium thomasi (Crosse), Nassarius (Phrontis) caelatulus, Assiminea cf. 11 
colombeliana, and Cerithidea sp., and the shallow marine species of Mitrella sp. (Table 5). 12 
Fresh to brackish water and estuarine bivalves are also present and include Corbicula leana, 13 
Corbicula largillerti, Ostrea sp., Silqua mimima and Potamocorbula amurensis (Table 6). 14 
There are three OSL ages, 61±6 ka at 22.25 m, 77±7 ka at 22.9 m and 78±9 ka at 28.3 m 15 
(Table 2) and two U-series ages 68.2±4.7 ka at 22 m and 79.1±3.2 ka at 29.2 m (Table 3). In 16 
SG7 the lithology comprises dark grey, grey and bluish grey silty clay with thin layers of silt 17 
at core depth 62–74 m. Mollusc shells are also abundant at core depth 65.75 m and 72.4 m 18 
and species are mainly Corbicula and Potamocorbula amurensis. Two OSL ages are 69.0±5.1 19 
ka at 62 m and 74.2±2.5 ka at 62 m (Table 2) and two U-series ages are 63.0±3.6 ka at 65.75 20 
m and 85.9±6.1 ka at 72.4 m (Table 4). 21 
Foraminifera are rare to abundant in WJ and QP88, while they are sporadic in SG7. High 22 
 12 
abundance occurs at 22–29.5 m in QP88 and dominated by coastal species Ammonia beccarri 1 
var., Elphidium magellanicum, Nonion, Cribrononion (Fig. 6). There appears both typical 2 
tidal flat species including Elphidiella kiangsuensis, Pseudononionella variabilis and Nonion 3 
akitaense Asano and open water species Florilus, Quinqueloculina and Hanzawaia nippoinica. 4 
The abundance reduces to rare to none at 29.5–37 m, mainly Ammonia beccarri var., 5 
Elphidium magellanicum, Elphidiella kiangsuensis and Cribrononion Thalmann (Fig. 6). 6 
Marine algae also present in QP88, mainly Spiniferites spp. (Fig. 7). Abundance of pollen and 7 
spores is low but increases remarkably in the middle section in both QP88 and SG7. The 8 
assemblage is characterised by high percentages of Quercus (deciduous), Pinus, Ulmus, 9 
Carpinus and Betula that suggest a moist temperate climate (Figs 7–8).  10 
S5-2: In WJ S5-2 is a coarsening-upward unit of dark grey fine sand with mud 11 
laminations in the lower section at 27.4–34.3 m (Fig. 4). Magnetic susceptibility reaches its 12 
highest value of 93×10–9 m3 kg–1 at the top of this unit and decreases downwards to 27×10–9 13 
m3 kg–1–55×10–9 m3 kg–1. The paleomagnetic Blake event (114–120 ka; Zhu et al., 1994; Fang 14 
et al., 1997) was recorded at core depth 27.4–30.0 m. Meanwhile, an OSL age 100±8 ka was 15 
obtain at 28.3 m. At 37–52 m of QP88 sediment consists mainly of grey and greenish grey 16 
silty clay and is interbedded with clayey silt in the lower section. There are some gastropod 17 
and mollusc shells of fresh to brackish water species including Bellamya sp., Corbicula leana 18 
and Corbicula largillerti at core depth 48–50 m (Tables 5–6). In SG7 the lithology comprises 19 
grey to brownish grey clayey silt and silt with some laminations of fine sand at 74–86.5 m.  20 
Foraminifera are abundant in the middle section and present in both bottom and upper 21 
sections in WJ and they are abundant in upper section and present in lower section in QP88. 22 
 13 
There is none in SG7. Dominant species are coastal and tidal flat ones including Ammonia 1 
beccarri var., Elphidium magellanicum, Elphidiella kiangsuensis, Pseudononionella 2 
variabilis and Nonion akitaense. There are also some open water species of Florilus, 3 
Ammonia compressiuscula and Bolivina cochei (Fig. 6). Pollen and spores are generally 4 
plentiful but fluctuate in abundance. There are Quercus (evergreen), Castanea, Castanopsis 5 
and Ilex which are typical of a warm and humid environment, while the percentages of 6 
temperate species Betula and Ulmus declined obviously to <5% and <10% (Figs 7–8). 7 
However, relative percentage of castanea+castanopsis decreases while Abies+Picea increase. 8 
Of note, the salt-tolerant Chenopodiaceae increases upward significantly in S5-2 of QP88 (Fig. 9 
7). Besides, a rich marine algae flora is present in QP88, mainly the warm water Spiniferites 10 
spp. which were found continuously (Fig. 7).  11 
 12 
4.1.3. Mid-Pleistocene 13 
 The top of the mid-Pleistocene succession in WJ and QP88 boreholes is represented by a 14 
stiff mud unit (Figs 4–5). Very few pollen or spores were detected in this top muddy sediment 15 
(Fig. 5). In WJ it is c. 5 m thick and is underlain by a succession of homogeneous silty clay 16 
with silt laminations, stiff mud with organic matter, and homogeneous silt (Fig. 4). Magnetic 17 
susceptibility shows low-high-low cycles. In QP88 it is underlain by a succession of silty clay 18 
and silt or silty sand units that may represent three cycles of deposition (Fig. 5). Foraminifera 19 
are present in the upper but absent in the lower section in WJ, and are absent or rare in most 20 
sections but are abundant locally in an upper succession in QP88. Species are predominantly 21 
coastal and tidal flat ones (Fig. 6). The mid-Pleistocene sediment recovered from SG7 is 22 
 14 
generally coarse-grained (i.e., sand and gravely sand) on the top, underlain by bluish grey 1 
clayey silt with shell fragments. No marine microfossils were found. Pollen and spores are 2 
rare in the sandy section but rich in the mud (Fig. 8). 3 
 4 
5. Discussion 5 
5.1. Interpretation of sedimentary facies and chrono-stratigraphy of the late Pleistocene 6 
Intertidal to subtidal facies were interpreted for the unit S5-2 in three boreholes from the 7 
species of gastropod and mollusc shells, foraminifera, marine ages and the abundant 8 
occurrence of Chenopodiaceae (Tables 5–6; Figs 5–7). The highest values of magnetic 9 
susceptibility in WJ also indicate features of coastal sediments (Fig. 4; Kwon et al., 2011). 10 
Ages from different dating methods reflect unit S5-2 are deposited during the period of c. 11 
134–100 ka. We suggest that this unit can be equated with the OIS 5e and possibly 5c of sea 12 
level highstand. This could also be deduced from the warm and humid climate reflected by 13 
pollen-spores (Figs 7–8) and the strongest marine invasion reflected by the highest abundance 14 
of foraminifera in WJ (Fig. 4), continuous occurrence of high percentage of marine algae and 15 
the most abundant pollen of salt-tolerant Chenopodiaceae in QP88 (Fig. 7). Freshwater influx 16 
should be also the greatest due to the warm and humid climate because fresh to brackish water 17 
species of gastropod and mollusc dominate the shells in QP88 (Tables 5–6). This could 18 
explain the relative low percentages of open water species of foraminifera (Wang, 1980) and 19 
low percentage of local tree pollen castanea+castanopsis versus increased percentage of 20 
Abies+Picea. The trees of Abies and Picea don’t grow in the study area and pollens were 21 
possibly transported from upper Yangtze by the runoff of Changjiang River (Chen et al., 22 
 15 
2009). The lack of foraminifera in S5-2 in SG7 could be caused by the influx of freshwater 1 
and sediment discharge or dissolution during the early diagenesis due to the warm and humid 2 
climate (Wang, 1980). 3 
High values of magnetic susceptibility and the presence of foraminifera in the overlying 4 
S5-1 unit of WJ indicate a tidal flat environment (Kwon et al., 2011). The foraminifera 5 
species and the occurrence of both shallow marine and intertidal gastropod and both estuarine 6 
and fresh to brackish water bivalves in QP88 indicates sedimentary environment changing 7 
from intertidal flat to estuary and then to intertidal flat again from bottom upward (Figs 5–6; 8 
Tables 5–6). Ages range mainly from c. 86 ka to 61 ka (Figs 4–5, 8) and would represent 9 
deposition in OIS 5a. The stiff mud in bottom section in QP88 probably represents dewatering 10 
during a period of exposure during OIS 5b. There is no stiff mud in WJ and SG7 and erosion 11 
could have occurred during OIS 5b since an abrupt lithology change happens between S5-2 12 
and S5-1. In the earlier boreholes (FX and MFC) S5 consists mainly of sandy and gravely 13 
sandy successions of fluvial channel formation and has ages from c. 66 ka to c. 113 ka (Fig. 9), 14 
indicating a paleo-incised valley prevailed at these two core locations during the sea level 15 
lowstands of OIS4, 5b and 5d. They are probably equivalent to fluvial successions in borehole 16 
JD1 that were interpreted by Chen and Stanley (1995) to have been derived from the 17 
Tian-mu-shan highlands west of Taihu Lake (Fig. 1c), rather than from the Changjiang River. 18 
The occurrence of foraminifera from present to abundant and the abrupt decrease in 19 
magnetic susceptibility in S3 in WJ possibly indicates sedimentary environment changing 20 
from intertidal to subtidal flat. The fluctuations in foraminifera abundance and species suggest 21 
a cycle of sedimentary environment from intertidal to subtidal and then to intertidal again 22 
 16 
from bottom upward in S3 of QP88 (Figs 5–6). By contrast, the sedimentary features, i.e. the 1 
shelly silt and silty sand with Fe and Mn oxides and relative high abundance of foraminifera 2 
in S3 of SG7 may suggest an environment of low energy beach (Fig. 8).  3 
We suggest that the OSL age 48±6 ka resulted from MAM is more reliable at core depth 4 
11.4 m in WJ because it fits better with not only the AMS14C ages and paleomagnetic event, 5 
but also the sedimentation rates of different time periods in WJ (Table 1; Fig. 4). We suggest 6 
the incomplete bleaching of sediment associated with rapid deposition resulted in the older 7 
age of 68±6 ka. S3 can also be correlated with equivalent marine sections in MFC and FX that 8 
provided ages ranging from c. 50–32 ka BP (Fig. 9; Zhao et al., 2008). Therefore, we suggest 9 
an age spanning from c. 50 to c. 27 ka BP is reasonable for S3 which mainly would have been 10 
deposited during the later transgressive phase of OIS 3.  11 
The sedimentary features of abundant Fe and Mn oxides and lack of foraminifera 12 
indicate an oxidized environment and sheetwash facies is explained for unit S2-2 (Figs 5, 8). 13 
Ages of S2 range from c. 23 ka to10 ka, based on OSL dating from FX and MFC (Fig. 9; 14 
Zhao et al., 2008). Two anomalous OSL ages of c. 67 ka and 59 ka were obtained from S2-2 15 
in QP88 and SG7, respectively (Figs 5, 8). We suggest that these ages come from a 16 
non-marine deposit probably formed at the start of the OIS 2 regression and may represent 17 
poorly bleached muddy mass-flow deposits derived from an adjacent older (OIS 3 or even 18 
OIS 5) exposed succession before adequate vegetation had become established. 19 
 20 
5.2. Estimation of OIS 3 relative sea level 21 
 The relative sea level can be estimated as the burial depth of marine-influenced strata 22 
 17 
minus the palaeo-water depth and extent of subsidence caused by sediment compaction and 1 
tectonic movement. The lithology and marine fauna in the unit S3 in WJ, QP88 and SG7 2 
indicate intertidal to subtidal flat or low energy beach environments that formed near the 3 
mean sea level (Figs 4–5, 8). Intertidal to subtidal environment is also suggested for unit S5-2. 4 
Hence the palaeo-water depth of intertidal to subtidal sediments in both S3 and S5-2 is around 5 
2–-5 m (Yellow Sea datum). Suppose the highstand of sea level during OIS 5e is 5 m above 6 
the PMSL (Chappell et al., 1996), then elevation of subtidal facies should be around PMSL 7 
and elevation of intertidal facies is 7–2 m above PMSL. A mean rate of subsidence since 8 
OIS 5e can be calculated by dividing the burial depth of OIS 5e by its age after the 9 
palaeo-water depth is removed. Then a mean subsidence rate of c. 0.25 m/ka for WJ, c. 10 
0.34 m/ka for QP88, and c. 0.69 m/ka for SG7 can be derived by dividing the burial depth of 11 
subtidal flat sediments formed during OIS 5e by their absolute ages. Therefore, the relative 12 
sea level for S3 was c. -2.5 m to 1.2 m at core location WJ, -4.0 m to 1.2 m at QP88, and -27.5 13 
m to -24.8 m at SG7 assuming the base of S3 to be 50 ka and top at 27 ka. 14 
 15 
5.3. Comparison of OIS 3 sea level records with other areas in the world 16 
Sea level histories have been determined from oxygen isotope studies of deep sea core 17 
sediments (Chappell et al., 1996; Linsley, 1996; Siddall et al., 2003), which suggested that 18 
maximum sea level during the early stage of OIS 3 could have been as high as -20 m to -30 m, 19 
then sea level dropped to -50–-65 m during the latter part of OIS 3. The main advantage of the 20 
deep sea sediments is that they provide a continuous record of sedimentation not punctuated 21 
by the uncertainties in shallow water records caused by exposure and erosion during 22 
 18 
regressions. The records from deep sea benthic foraminifera show a similar pattern of deep 1 
sea water temperature changes that match the sea level fluctuations (Waelbroeck et al., 2002). 2 
Raised coral terraces provide useful sea level indicators to compare with the deep sea records. 3 
Dated coral reef sequences of OIS 3 age have been described from the Huon Peninsula (Papua 4 
New Guinea, Chappell et al., 1996) and Malakula (Vanuatu, Cabioch and Ayliffe, 2001). Both 5 
these successions show an early OIS 3 highstand at -30–-56 m during 45–52 ka, followed by a 6 
decrease in sea level to -50–-70 m during the latter part of OIS 3. Peltier and Fairbanks (2006) 7 
suggested that the sea level recorded at Barbados is 80–90 m below PMSL during the late OIS 8 
3. The succession in the Gulf of Carpentaria in northern Australia represents another well 9 
preserved late Quaternary record of sea level fluctuations on a large relatively stable 10 
epicontinental shelf. Detailed analyses based on ostracod and coccolith assemblages 11 
preserved in OIS 3 strata from the central part of the gulf provide a detailed record of 12 
environmental change since the start of the last interglacial and estimated a sea level of -50 m 13 
during OIS 3 (Chivas et al., 2001; Couapel et al., 2007; Reeves et al., 2007, 2008).  14 
In contrast to these lower OIS 3 sea level records, a very well documented record of 15 
OIS 3 sea level on a tectonically stable coastline in South Australia has been examined by 16 
Cann et al. (1988, 1993). This study recorded sea level fluctuations between -26 m and -37 m 17 
during the period from 45 ka to 32 ka based on foraminiferal data together with radiocarbon 18 
and amino acid racemisation (AAR) chronology. The equivalent OIS 5e sea level in this same 19 
region is at +2 m indicating that the area has not been uplifted since OIS 5 (Murray-Wallace, 20 
2002). 21 
A high relative sea level record of <30 m below PMSL for OIS 3 has also been reported 22 
 19 
in other areas in the world during recent decade. For example, Hanebuth et al. (2006) found a 1 
sea level highstand of 16–26 m below PMSL during late OIS 3 age based on AMS 2 
radiocarbon dating in the Red River delta. They suggested that either it resulted from 3 
differential subsidence and partial uplifting or that all the radiocarbon dates were 4 
contaminated by younger material. Similar phenomenon can be found in other previous 5 
studies of Indochinese deltas. For example, an AMS 14C date of 43.4 ka BP was obtained for 6 
undifferentiated shallow marine sediment buried at a depth of 25 m below PMSL in the 7 
Mekong delta, Vietnam (Ta et al., 2002). AMS14C dates of 36.3–44.7 ka BP were also 8 
obtained from undifferentiated shallow marine sediment buried at a depth of c. 14 m below 9 
PMSL in the Chao Phraya delta, Thailand (Tanabe et al., 2003). In northeastern North 10 
Carolina, Parham et al. (2007) examined the sedimentary sequences in both drill-holes and 11 
seismic profiles and summarized all the available radiocarbon, AAR and OSL age 12 
determinations. They found elevations of OIS 3 highstand deposits that indicate sea level was 13 
either similar to the present or that the region has been influenced by glacio-isostatic 14 
adjustment. Mallinson et al. (2008) confirmed the age of OIS 3 coastal deposits by OSL 15 
analyses on quartz grains from palaeo-shoreline deposits and suggested either the 16 
glacio-isostatic adjustment was as large as 22–26 m or that the OIS 3 sea level was briefly 17 
higher. Wright et al. (2009) used 14C and AAR ages and high-resolution seismic reflection 18 
profiles to derive a highstand OIS 3 sea level of 25 m below PMSL on the New Jersey 19 
margin. 20 
 21 
5.4. Possible mechanisms for the high OIS 3 sea level record in the study area 22 
 20 
Sediment compaction could firstly used to explain the difference in positions of OIS 5 1 
marine-influenced sediments in cores QP88, WJ and SG7. We suggest that larger extend of 2 
sediment compaction occurred in core SG7 than in other two cores, since there is no stiff mud 3 
at the base of late Pleistocene strata in SG7. Stiff mud of the palaeosol is impermeable and 4 
generally serves as aquiclude for the ground water (McArthur et al., 2008). Thus pore water is 5 
easier to lose in SG7 during the periods of low sea level stand, causing stronger sediment 6 
compaction. Even with the subsidence effect caused by sediment compaction, the relative sea 7 
level records of late OIS 3 from WJ and QP88 are at least 25–30 m higher than the global sea 8 
level as synthesized above, while elevation of OIS 3 sediments in SG7 match with the 9 
position of palaeo-sea level. Therefore, we suggest that the Taihu block where cores WJ and 10 
QP88 locate should have been raised after the end of OIS 3. Reasons for the time of uplift 11 
include Holocene sediments of only <5 m thick happen without marine invasion over the 12 
Taihu Lake area, while OIS 5 and OIS 3 marine influenced sediments exist over the study area 13 
(Figs 1b, 9). Factors must be taken into consideration including glacio- hydro- isostacy 14 
adjustment and tectonic movement. 15 
Potter and Lambeck (2003) provided a model based on glacio- hydro- isostacy to account 16 
for the apparent discrepancies between the OIS 5e and OIS 5a sea-level data for the western 17 
North Atlantic Ocean area. They showed that the slower response time for isostatic versus ice 18 
volume changes has left a bulge with over 30 m positive relief over a distance of about 19 
4300 km between the position of the ice sheet and Barbados. This accounts for the apparently 20 
high OIS 3 sea level observations in Bermuda (e.g. Bard et al., 1990), North Carolina (e.g. 21 
Parham et al., 2007; Mallinson et al., 2008) and New Jersey (Wright et al., 2009). 22 
 21 
A similar approach was considered for assessing the high OIS 3 sea level determined for 1 
the Changjiang delta and the other major Indochinese deltas as documented by Ta et al. 2 
(2002), Tanabe et al. (2003), and Hanebuth et al. (2006). In this region sites on the exposed 3 
continental margin show OIS 3 sea level at maximum elevations of -5 m to -25 m whereas on 4 
the outer parts of the equivalent continental shelves sea level indicators are at depths of -50 m 5 
to -70 m. The position of northern ice sheets in the Siberian region has been the subject of 6 
discussion in the literature with Gosswald (1998) and Grosswald and Hughes (2002) 7 
suggesting extensive LGM ice sheets in Arctic and Pacific Siberia with considerable ice 8 
volumes. Such ice sheets could possibly have caused uplift in Southeast Asia although they 9 
are probably still located too far from the uplift sites. However, later research in eastern 10 
Siberia (Beringia) has shown that most of the large ice advances reflect earlier glacial events 11 
and that ice was relatively minor in the LGM (e.g, Sher, 1995; Brigham-Grette, 2001; 12 
Brigham-Grette et al., 2001, 2003; Glushkova, 2001; Heiser and Roush, 2001; Siegert et al., 13 
2001; Gualtirei et al., 2003). The lack of an East Siberian ice sheet is also favoured by 14 
vegetation modelling (Felzer, 2001). Thus a glacio-hydro-isostatic bulge caused by a northern 15 
ice sheet cannot be contemplated as a plausible mechanism for the high OIS 3 sea level 16 
records in the Asian megadelta areas. 17 
The most plausible explanation for the raised OIS 3 deposits adjacent to the Asian 18 
megadeltas (Changjiang, Red River, Mekong and Chao Phraya) is isostatic loading and 19 
differential subsidence caused by the deposition of significant volumes of sediment in the 20 
deltas and adjacent offshore areas on the wide continental shelves surrounding these areas in 21 
the East China Sea and Sunda Shelf as suggested by Hanebuth et al. (2006). In the case of the 22 
 22 
study area the region near Taihu Lake may be influenced by the combined sediment 1 
accumulation of both the Changjiang and Huanghe Rivers. The postglacial sediment load 2 
deposited annually by the Changjiang River is estimated to be 236–486 Mt (Li et al., 2003). 3 
The thickness of Quaternary, including Holocene, sediments to the north of the study area is 4 
over 400 m with the load progressively shifting southeastward with time as the Changjiang 5 
River shifted its position (Fig. 1c; Chen and Stanley, 1995). The current main depositional 6 
lobes of the Changjiang delta extend for over 50 km seaward from the mouth of the estuary 7 
(Chen et al., 2000). There is also a huge delta lobe of the abandoned Yellow River along the 8 
adjacent coast of Yellow Sea (Ren and Shi, 1986). Therefore, sediment load on the continental 9 
shelf of eastern China marginal sea would have caused differential subsidence of the study 10 
area and adjacent continental shelf.  11 
In addition, tectonic subsidence prevailed in the study area due to the sinking of the 12 
Fukien-Reinan massif to the east of the Changjiang coast since the Late Pliocene (Wageman 13 
et al., 1970). The position of the OIS 5e sediments in all boreholes may provide the evidence. 14 
However, southeastward shifting of the Changjiang River mouth during the Quaternary, 15 
especially the deposition of thick postglacial sediments in the southern Yellow Sea and on the 16 
Changjiang coast have lead to northeastward tilting of the Changjiang coast. Therefore 17 
subsidence of the Taihu block ceased and was replaced by uplift. Further, due to the existence 18 
of NW-SE extentional faults in the study area (Fig. 1c), tilting transferred to the Taihu block 19 
may be not gentle but may have been amplified significantly. 20 
Tilting in this region may control the extent of the Holocene transgression and the 21 
location of the Holocene highstand chenier ridges (Fig. 1a). In fact, such isostatically-induced 22 
 23 
tilting and uplift may still be occurring in the Changjiang delta region. In the modern 1 
Changjiang delta the 4 ka junction between the subtidal to lower intertidal flats and the upper 2 
intertidal flats now occurs at approximately +5 m some 200 km inland from the present delta 3 
mouth at HQ98 (Fig. 8 in Hori et al., 2002). This could reflect a fall of relative sea level since 4 
4 ka (Hori et al., 2001) combined with load-induced tilting and hinterland uplift caused by 5 
rapid increase in sediment load as the Changjiang delta prograded. 6 
 7 
6. Conclusions 8 
Dating and stratigraphic analysis have demonstrated that a succession of OIS 3 deposits 9 
over 10 m thick extended across the southern Changjiang delta plain. This OIS 3 sequence 10 
overlies OIS 5 deposits and has a greater vertical range than the OIS 5 deposits. 11 
The OIS 3 deposits represent tidal flat and low energy beach sequences from west to east 12 
in the study area. Intertidal to subtidal deposits of OIS 5e also occur and the position of these 13 
latter units in the boreholes indicates at least 30–80 m of subsidence since OIS 5e. 14 
The present distribution of OIS 3 strata means that either the late OIS 3 sea level was 15 
equivalent to present sea level (unlikely) or the Taihu Lake area must have undergone 16 
subsidence to at least -30 m to accumulate the deposits of OIS 5 and 3, followed by 25–30 m 17 
of uplift to bring them to their present position. 18 
The initial subsidence phase was probably related to the regional subsidence of the 19 
Fukien-Reinan massif. The subsequent uplift is associated with north-northeast tilting of the 20 
Taihu block as a result of isostatic downwarping caused by the rapid growth of the 21 
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Table headings 1 
Table 1 Conventional OSL ages for sediment core samples from WJ together with supporting 2 
dose rate and equivalent dose data. 3 
Table 2 Conventional OSL ages for sediments from QP88 and SG7 together with supporting 4 
dose rate and equivalent dose data.  5 
Table 3 AMS 14C dates for sediments from WJ together with δ13C data. Calibration curve 6 
CalPal_2007_HULU by Weninger and Jöris (2008) and ∆R value 135±42 (Yoneda et 7 
al., 2007) were used to calibrated the ages, shown as the 1σ with 68% probabilities. 8 
Table 4 U-series ages for sediments from QP88 and SG7 together with isotope ratios of 9 
234U/238U, 230Th/232Th and 230Th/234U.  10 
Table 5 Gastropods in OIS 5 sediments from QP88 11 
Table 6 Bivalves in OIS 5 sediments from QP88 12 
 13 
Figure captions 14 
Figure 1 1a) Geographic location of the boreholes and study area at the mouth of the 15 
Changjiang drainage basin. The dish-like morphology of the present southern 16 
Changjiang delta plain is also shown; 1b) Isopachs of the Holocene sediment, 17 
indicating the morphologic high of the Taihu block and the major paleo-incised 18 
Changjiang and Qiantang valleys (after Wang et al., 2012); 1c) Isopachs of Late 19 
Cenozoic sediment, showing the SW-NE valleys in the paleotopography and active 20 
faults during the Late Cenozoic (after Zhang et al., 2008). There are also several small 21 
anticlines and synclines in the northwestern part of the study area. 22 
 35 
Figure 2 Radial plots detailing the distributions of equivalent doses of aliquots for 1 
representative samples. Central Age Model (CAM) was used to determine the final 2 
equivalent dose for all samples and Minimum Age Model (MAM) was also used for the 3 
sample at 11.4 m of borehole QP88. 4 
Figure 3 Orthogonal projections of progressive thermal demagnetization (left) and normalized 5 
intensity decay plots (right) for representative samples of borehole WJ. Shaded/open 6 
circles in the left plots represent projections onto horizontal/vertical planes. Ordinate 7 
and abscissa in the right plots represent nomolized intensity of remanent magnetization 8 
and temperature, respectively. 9 
Figure 4 Comprehensive profile of WJ, including paleomagnetism, AMS 14C and OSL ages, 10 
lithology profile and description, sediment composition, abundance of foraminifera, 11 
magnetic susceptibility, interpretation of sedimentary facies, and the corresponding 12 
OIS. 13 
Figure 5 Comprehensive profile of QP88, including OSL/U-series ages, lithology profile and 14 
description, sediment composition, abundance of foraminifera, pollen-spores and 15 
marine algae, pollen-spore assemblage, interpretation of sedimentary facies, and the 16 
corresponding OIS. 17 
Figure 6 Foraminifera distribution in QP88 showing by percentage of each species relative to 18 
the total abundance. Sedimentary environment is referred from the foraminifera 19 
assemblage. The codes from S1 to S5-2 represent the time of deposition from OIS 1 to 20 
OIS 5 for the strata. 21 
Figure 7 Vertical distributions of arboreal and herbaceous pollen, ferny spore and marine 22 
 36 
algae in QP88. The percentages of arboreal pollen are calculated from all the arboreal 1 
and terrestrial herbaceous pollen except the Gramineae, Cyperaceae, and 2 
Chenopodiaceae. The percentages of herbaceous pollen, ferny spore and marine algae 3 
are calculated from the total number of pollen, spore and algae. The codes from S1 to 4 
S5-2 represent the time of deposition from OIS 1 to OIS 5 for the strata. 5 
Figure 8 Comprehensive profile of SG7, including OSL/U-series ages, lithology profile and 6 
description, sediment composition, abundance of foraminifera and pollen-spores, 7 
pollen-spore assemblage, interpretation of sedimentary facies, and the corresponding 8 
OIS (revised from Wang et al., 2008). 9 
Figure 9 Stratigraphic correlation between the OSL, U-series, AMS 14C and 10 
paleomagnetically dated boreholes from southern Changjiang delta plain. Boreholes FX 11 
and MFC are from Zhao et al. (2008). The codes from S1 to S5 represent the time of 12 
deposition from OIS 1 to OIS 5 for the strata. A significant incised valley occurred at 13 
FX and MFC during the lowstands of OIS 5d, 5b and 4, resulting in the thicker 14 











γ dose rate a 
(Gy/ka-1) 
β dose rate b 
(Gy/ka-1) 
Cosmic-ray 
dose rate c 
(Gy/ka-1) 
Total dose rate 
d,e (Gy/ka-1) 
N / σd (%) f De g (Gy) Age e,h (ka) 




         * *48±6 








a From x-ray fluorescence (XRF) (potassium) and thick-source alpha counter (TSAC) (uranium and thorium) measurements and adjusted for the field moisture content. 
b From Geiger Müller beta counter (GMBC) measurements, corrected for beta-dose attenuation and adjusted for the field moisture content. 
c From Prescott and Hutton (1994), assigned relative uncertainties of ± 10%, and adjusted for the field moisture content. 
d Includes an assumed internal alpha dose rate of 0.03 ± 0.01 Gy/ka-1. 
e Mean ± total uncertainty (68% confidence interval), calculated as the quadratic sum of the random and systematic uncertainties. 
f  Number of aliquots used in the final De estimation (N) / relative standard deviation of De distribution after accounting for measurement uncertainties (overdispersion, σd). 
g Central age model (CAM) (Galbraith et al., 1999). 
h Uncertainty includes a systematic component of ± 2% associated with laboratory beta-source calibration. 
*Minimum Age Model (MAM) De and age (Galbraith et al., 1999); an overdispersion value of 15% was added in quadrature to each of the De analytical uncertainties before 







Core ID Core 
depth (m) 









QP88 7.8 Clayey silt 3.02±0.4 12.6±1.3 1.54±0.1 3.23±0.34 216.92±17.97 67±9 L1032 
 10.05 Silt 1.97 ±0.44 13.04±1.45 1.38±0.1 2.8±0.3 74.76±8.4 27±3 L770 
 11.4 Silt 3.14 ±0.4 11.26 ±1.24 1.60±0.1 3.18±0.33 137.33±9.1 43±5 L1033 
 22.25 Fine sand 2.01 ±0.32 9.15 ±1.08 1.58±0.1 2.6±0.3 161.94±15.6 61±6 L774 
 22.9 Silt 2.16±0.04 9.41±0.03 1.81±0.02 2.9±0.2 222.08±10.15 77±7 L1035 
 28.3 Clayey silt 3.07 ±0.39 9.54 ±1.30 1.43±0.1 2.8±0.3 221.52±22.5 78±9 L771 
SG7 8.3 Silt 2.28 9.36 1.27 2.98 11.49 3.8±0.3 KSK001 
 24.0 Silty clay 2.45 10.9 1.65 2.76 41.48 15.0±1.4 KSK002 
 25.0 Stiff mud 3.42 11.8 1.59 3.49 63.55 18.2±1.6 KSK003 
 40.5 Clayey silt 3.30 13.9 1.43 3.24 192.00 59.3±3.5 KSK004 
 62.0 Clayey silt 2.70 12.3 1.81 3.32 228.85 69.0±5.1 KSK005 
 63.0 Silty clay 3.56 14.8 2.43 3.67 272.32 74.2±2.5 KSK006 
 80.8 Clayey silt 3.37 13.2 1.96 3.49 368.51 105.6±3.2 KSK007 
 81.5 Clayey silt 3.18 15.4 1.87 2.53 298.92 118.2±11.1 KSK008 


















radiocarbon age (yr BP) 
Calibrated age  
(cal yr BP; 2σ) 
Lab. code 
11.75 Shell -3.9 41540±440 42970±720 Beta-309663 





Core ID Core depth 
(m) 






QP88 22 Shell 
 0.541±0.022  1.480±0.074 23.416 0.480±0.025   68.2±4.7 
 29.2 Shell 
 0.212±0.012  1.304±0.064 70.34 0.529±0.016   79.1±3.2 
 48 Shell 























1.714±0.075 0.351±0.025 45.3±3.7 
 65.75 Shell 
 
2.567±0.126 - 2.095±0.115 188.47 0.462±0.023 - - 63.0±3.6 
 72.4 Shell 
 
0.226±0.014 - 2.148±0.164 19.03 0.579±0.052 - - 85.9+6.1 
*The carbonate-rich sediment at core depth 52.7 m from SG7 was separated into three particle sizes (a, <0.063 μm; b, 0.063–0.125 μm; c, >0.125 μm) by sieving 
before specimen preparation and measurement. Concentrations of U and Th and their isotopes were measured for all three components before calculating the 






Intertidal beach Freshwater Shallow 
marine 
Unit 
20.8 Umbonium sp.; 
Nassarius (Phrontis) caelatulus Wang; 
Assiminea cf. colombeliana Heude 
  S5-1 
21 Umbonium thomasi (Crosse); 
Nassarius (Phrontis) caelatulus Wang 
   
22.15 Cerithidea sp.; 
Umbonium thomasi (Crosse) 
   
29.2   Mitrella sp.  







Estuary Fresh to brackish water Unit 
20.8 Silqua mimima (Gmelin) Corbicula leana Prime; 
Corbicula largillerti (Philippi) 
S5-1 
21 Potamocorbula amurensis (Schrenck) Corbicula leana Prime  
22.15 Potamocorbula amurensis (Schrenck) Corbicula leana Prime  
29.2 Potamocorbula amurensis (Schrenck); 
Ostrea sp. 
Corbicula leana Prime  
48  Corbicula leana Prime; 
Corbicula largillerti (Philippi) 
S5-2 























































































































Holocene sediment thickness (m)
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....-....--Cultivated layer Silty clay Clayey silt Silt .. . . Silty sand..
Bluish grey homogeneous .silt
Bluish grey stiff mud with rich nodules. Organic
matter rich at local.
Grey homogeneous silty clay with silt laminations.
Laminations are abundant in the middle section,
and decrease both upward and downward.
Bluish and yellowish grey stiff mud. Nodules and
plant roots generally occur. Some silt laminations,
especially in the lower section. The mud gets soft
at the bottom.
Dark grey fine sand. Some silty clay laminations in
the lower section.
Grey silt and silty clay couplets. Thickness of the
silt lamination is mostly less than o.5 cm, but
reaches ~ 2 cm at the top and bottom. Burrow
occurs on the top.
Grey sand and silty clay interbedded thinly or thickly.
Sand dominates at 11-11.5 m and 12.6-13 m.
Brownish and yellowish grey clayey silt with some
silty clay. Burrow generally occurs.
Brownish clayey silt interbedded with silty clay.
Brownish silty clay with some lenticular of clayey silt.
Brownish stiff mud .
Abundant leaching structure above 4.2 m depth.
with rich Fe and Mn nodules
_ _ ..






(10 m kg )
-8 3 -1


















































Brownish yellow silty clay with Fe/Mn oxides. Root
tracesin the upper section. The colour changes to
dark grey and black grey in lower section.
Dark green stiff mud with lots of Fe/Mn oxides.
Greyish yellow clayey silt with some Fe/Mn oxides.
Dark grey silt interbedded with thin layers(3-4mm
thick) of silty clay. Fine sand present.
Grey clayey silt interbedded with a thin layer (2 cm
thick) of shell fragments.
Grey clayey silt and silty clay. The colour of sediments
changes to greenish grey in the bottom.
Dark green stiff mud. It gets soft downward.
Grey and greenish grey silty clay.
Grey silty clay interbedded with clayey silt.
Dark greenish grey stiff mud.
Grey silty clay.
Greenish grey, grey, and black silt.
Grey silty clay interbedded with silt.
Grey and greenish grey silt and silty sand.
Dark grey silty clay.
Dark grey silt and silty sand.
Dark grey and greenish grey silty clay with some thin
layers of silt. Organic matter present at local.
Greenish grey stiff mud with Ca nodules at local.


















































































Dark grey silt with some silty clay.



















































































































































































































































































































































































































































































































Arbor Herb Fern Algae




















































Yellowish grey and grey clayey silt on the
top. Silt dominates in the mid- and lower
sections.
Grey and dark grey silty clay and clayey silt,
with some thin layers of silt. Shell fragments
present.
Dark greenish and yellowish grey stiff mud.
Greyish yellow clayey silt, silt, and silty sand.
Abundant Fe and Mn oxides in the top and
bottom sections.
Dark grey, grey and bluish grey silty clay with
thin layers of silt. Whole shells and fragments
rich at local.
Grey and brownish grey silt.
Grey and light grey silt and fine sand.
Light grey gravelly sand. A thin layer of
bluish grey silty clay occur at core depth
of 94.8~95.7m with Ca nodules.


































Grey, brownish grey clayey silt with some








.. . ...-....-- . . .Cultivated layer Silty clay Clayey silt Silty sand Fine sand
. . .。 Gravelly sand
-
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_ _.._ _.._ _..









Yellowish grey silt and silty sand in the upper
section. Grey silt and silty sand in the lower
section. Fe and Mn oxides present at local.
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C T Fs C T FsMs C T Fs Gs C T Fs Gs
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C: clay T: silt
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17.41 0.88±
11.18 0.95±
50.05 2.8±
59.3 3.5±
45.3 3.7±
85.9 6.1±
9.15 0.25±
10.1 1.13±
8.49 0.9±
16.23 1.56±
32.35 2.91±
Incised valley
39.2 2.93±
74.2 2.5±
63.0 3.6±
77 7±
148.1 6.5±
134.1 11.1±
67 9±
100 8±
73 6±
48 6±
42.97 0.72±
44.48 1.27±
